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AEROSPACE SYSTEMS and MISSION ANALYSIS RESEARCH 

S t a t u s  Report  f o r  t h e  Per iod  1 J u l y  through 30 September 1967 

I. INTRODUCTION 

I During t h e  summer r e s e a r c h  of  the ASMAR Program cont inued  a s  

p r e v i o u s l y  o u t l i n e d  under t h e  sponsorship of NASAIOSSA Launch Vehicle  and 

Propuls ion  Program D i v i s i o n  (NASA Contract  NASr-231). 

M r .  J .  P. Layton, t h e  r e s e a r c h  l e a d e r ,  has  l e f t  f o r  C a l i f o r n i a  

where he w i l l  spend t h e  y e a r  a t  t h e  Lawrence R a d i a t i o n  Laboratory.  He 

remains i n  cont inuous touch w i t h  t h e  work going on i n  P r i n c e t o n ,  however. 

I During t h e  coming academic year  t h e  r e s e a r c h  w i l l  be s u p e r v i s e d  by 

P r o f e s s o r  P. M. Lion who a l s o  w i l l  have d i r ec t  r e s p o n s i b i l i t y  f o r  t h e  work 

i n  T r a j e c t o r y  Analys is .  D r .  Robert  Vichnevetsky w i l l  d i r e c t  t h e  Systems 

Analys is  Group i n  t h e  absence of  M r .  Layton. Mission A n a l y s i s  Research w i l l  

be coord ina ted  between P r o f e s s o r  Lion and D r .  M. Handelsman, v i s i t i n g  s e n i o r  

r e s e a r c h  s c i e n t i s t .  

Three new graduate  s t u d e n t s  have j o i n e d  t h e  group t h i s  month: 

John E l l i o t  (BS, C o r n e l l ) ,  A l a i n  Kornhauser (MS, Penn S t a t e ) ,  and Paul  

Van Woerkom (BS, D e l f t  Tech. U n i v e r s i t y ,  Nether lands) .  Together w i t h  t h e  two 

remaining s t u d e n t s ,  Michael Minkoff and George Hazel r igg ,  w e  now have a t o t a l  

of f i v e .  M r .  Jean P e l t i e r  has  r e t u r n e d  t o  France a f t e r  s u b m i t t i n g  h i s  Master's 

t h e s i s .  Undergraduates involved i n  t h i s  program are M r .  Char les  Kalmbach ( ' 6 8 )  

and M r .  Ronald Chin ( ' 6 9 ) .  

Our programming s t a f f  now inc ludes  M r .  John Campbell, who h a s  been 
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l a r g e l y  r e s p o n s i b l e  f o r  ‘wringing the programs t o  t h e  s ta te  of  r e a d i n e s s  t h a t  

we have today.  H e  i s  a s s i s t e d  by M r s .  Alexandra Shulzycki .  Miss Nancy Payne 
, 

provided c o n s i d e r a b l e  a s s i s t a n c e  d u r i n g  the  summer, p a r t i c u l a r l y  i n  c o n v e r t i n g  

our programs t o  I B M  System 360; she  h a s  i e f c  t o  pursue graduate  s tudy  a t  

N o r t h e a s t e r n  U n i v e r s i t y .  

I Other members of our s t a f f  a r e  Miss Frances A l l i s o n ,  who handles  a l l  

a d m i n i s t r a t i v e  and secretar ia l  m a t t e r s  and M r .  Leonard J a s ,  draf tsman.  Also,  

D r .  Michael Mintz,  c o n s u l t a n t ,  has made a s u b s t a n t i a l  c o n t r i b u t i o n  t o  t h e  

work going on under D r .  Vichnevetsky. 

Looking back i t  now appears  clear t h a t  1966-67 w a s  a y e a r  of t r a n s i t i o n ,  

changing from o l d  programs t o  new programs, and involv ing  a c o n s i d e r a b l e  change 

I of personnel .  The group has  now shaken down, t h e  b a s i c  programs have been 

developed, and w e  look forward t o  1967-68 w i t h  enthusiasm. I 
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11. SPACEFLIGHT TRAJECTORY ANALYSIS RESEARCH 

A. Program Development 

The pr imary e f f o r t  d u r i n g  t h i s  p e r i o d  has  been d i r e c t e d  toward t h e  

completion of two programs, Lion 1 (John Campbell) and t h e  Mult i - impulse 

Program (Michael Minkoff).  

The program Lion 1 is  e s s e n t i a l l y  completed. I t  i s  converging success-  

f u l l y  and has  d u p l i c a t e d  r e s u l t s  of s i m i l a r  programs. The major requirement  

now is  t h e  exercise of t h i s  program over the range of  u s e f u l  parameters .  

Unfor tuna te ly ,  t h i s  e x e r c i s e  is  somewhat hampered due t o  t h e  new p o l i c y  of  

d i r e c t  computer charging.  I n  t h e  meantime, documentation of  t h e  program has 

been s t a r t e d .  Improvements t o  t h e  program inc lude  t h e  fo l lowing:  

1. A s u b r o u t i n e  a l l o w i n g  t h e  s e l e c t i o n  of  t h e  launch v e h i c l e s  has  been 

included.  The fo l lowing  v e h i c l e s  c a n  be chosen: 

1. At las  (SLV3C)/Centaur 

2. S a t u r n  IB/Centaur 

3. T i t a n  I11 C (1207) 

4 .  T i t a n  111 C (1207)/Centaur 

These v e h i c l e s  are r e p r e s e n t e d  by curves of i n i t i a l  m a s s  vs h e l i o c e n t r i c  

i n j e c t i o n  energy ,  as provided by JPL. 

2. A s t u d y  t o  match t h e  p r e c i s i o n  requi rements  of t h e  program t o  t h e  

I B M  360 computer has  been completed. A s a v i n g  i n  e x e c u t i o n  t i m e  of about  50% 

has  been o b t a i n e d  by t h e  selective use of s i n g l e  p r e c i s i o n  w i t h o u t  any d e t r i -  

mental  e f f e c t s  on t h e  program. Conversion t o  t h e  CDC 6600 is  i n  p r o g r e s s .  

The Mult i - impulse Program i s  a l s o  e s s e n t i a l l y  complete.  During t h e  summer 

M r .  Minkoff modif ied t h e  opt imal  mul t i - impulse  program f o r  use on t h e  IBM 7094 a t  

Ames Research Center .  I n i t i a l l y ,  modi f ica t ions  i n  t h e  numerical  procedures  f o r  o b t a i n i n  



4 .  

s o l u t i o n s  of Lambert ' s  problem and t h e  s t a t e - t r a n s i t i o n  m a t r i x  were made. The 

m o d i € i c a t i o n s ,  based on sugges t ions  of M r .  S .  Pines  of  A n a l y t i c a l  Mechanics 

A s s o c i a t e s  l e d  t o  s l i g h t l y  f a s t e r  computational t i m e s .  Kajor  improvenents i n  

speed of t h e  program were obta ined  by going from t h e  g r a d i e n t  and P a r t a n  methods 

t o  a conjugate  g r a d i e n t  method. The p a r t i c u l a r  procedure used was based on a 

Fle tcher -Powel l  v a r i a t i o n  of  Davidon ' s  method. The improved convergence 

r e s u l t e d  i n  t h e  computation of opt imal  three- impulse t r a j e c t o r i e s  i n  one- 

f o u r t h  t o  one- ten th  of t h e  prev ious  computer t i m e .  The program w a s  t e s t e d  f o r  

a v a r i e t y  of d e p a r t u r e  and a r r iva l  o r b i t s  i n  two and t h r e e  dimensions.  Optimal 

plane-change t r a j e c t o r i e s  f o r  near-Hohmann t r a n s f e r s  w e r e  ob ta ined  i n  approxi -  

~ 

mately 10 seconds.  

An e x t e n s i o n  of  t h e  program,suggested by M r .  A. Mascy a t  Ames, a l lows  

t h e  procedures  t o  be used f o r  op t imiz ing  L j v  f o r  d e p a r t u r e  from and a r r iva l  

t o  c i r c u l a r  p l a n e t a r y  o r b i t s .  Also,  g r a v i t y  l o s s  approximations c a n  be provided.  

The program i s  c u r r e n t l y  be ing  used by t h e  Mission Analys is  D i v i s i o n  

of  OART a t  Ames Research Center  and w i l l  be a v a i l a b l e  on t h e  P r i n c e t o n  I B M  360/50 

s h o r t l y .  

B. A n a l y t i c a l  R e s u l t s  

P r o f e s s o r  Lion ' s  paper  on " S u f f i c i e n t  Condi t ions  f o r  Optimal Fixed- 

Time Impulsive T r a j e c t o r i e s "  w a s  p resented  a t  t h e  X V I I I  IAF Congress i n  Belgrade,  

Yugoslavia i n  September. Using these  r e s u l t s ,  a quick  check c a n  be made t o  

e n s u r e  t h e  o p t i m a i i t y  of  t r a j e c t o r i e s  which s a t i s f y  t h e  necessary  c o n d i t i o n s  

( e .g . ,  those  genera ted  by t h e  Nult i - impulse Programs). Assuming a n  i n v e r s e  

square  f i e l d ,  t h i s  check can be made us ing  only  a l g e b r a i c  o p e r a t i o n s ;  no 

i n t e g r a t i o n  i s  r e q u i r e d .  An a t t e m p t  i s  be ing  made t o  ex tend  t h i s  r e s u l t  t o  

f i n i t e  t h r u s t  t r a j e c t o r i e s .  
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M r .  J e a n  P e l t i e r  nas submii ted tne manuscript  of h i s  Master's t h e s i s .  

The t h e s i s  i s  a s tudy  of two and t h r e e  i m p u l s e  t r a j e c t o r i e s  w i t h  and w i t h o u t  

te rmina l  c o a s t s  between c i r c u l a r  coplanar  o r b i t s .  The p r i n c i p a l  r e s u l t  i s  a 

map of t h e  a - T  p lane  showing t h e  a r e a s  where t h r e e  impulse t r a j e c t o r i e s  

r e p r e s e n t  a n  improvement over  2-impulse t r a j e c t o r i e s .  Many q u a l i t a t i v e  

p r o p e r t i e s  of Chis map have been d e r i v e d  mathematical ly  by M r .  P e l t i e r .  The 

t h e s i s  i s  now be ing  reviewed and w i l l  be i ssued  s h o r t l y  as a r e p o r t .  
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111. AEROSPACE SYSTEMS ANALYSIS 

A. General 

Work on aerospace  systems a n a l y s i s  is  r e c e i v i n g  inc reased  a t t e n t i o n  

both  i n  t h e  ongoing e f f o r t s  and i n  our  planning.  I n  a d d i t i o n  t o  t h e  a n a l y s i s  

of nuc lea r  rocke t  propuls ion  systems d i r e c t e d  by D r .  R. Vichnevetsky as 

desc r ibed  below and i n  s e v e r a l  ASAR Memos(See l i s t  i n  APPENDIX A), 

D r .  Handelsman has been c a r r y i n g  ou t  t he  a n a l y s i s  of space communications 

systems,  i n  p a r t i c u l a r  r a d a r  subsystems f o r  t h e  survey  o f  p l a n e t a r y  s u r f a c e s  

(ASAR Memo No. 3) and a s t e r o i d  d e t e c t i o n  (ASAR Memo No. 5). Work on space  

nav iga t ion ,  guidance and c o n t r o l  systems w i l l  be i n i t i a t e d  du r ing  t h e  F a l l  

Term under t h e  d i r e c t i o n  of  P ro fes so r s  Graham and Lion. 

I D r .  Vichnevetsky 's  Advanced Methods of Systems Analys is  Seminar 

I 
n o t e s  have been assembled and a l i m i t e d  number of cop ie s  a r e  a v a i l a b l e  t o  

workers  i n  t h i s  t o p i c  area. I n  a d d i t i o n  t o  employing these  methods i n  our  

n u c l e a r  r o c k e t  system a n a l y s i s ,  we a r e  a t t empt ing  t o  i d e n t i f y  those  methods 

t h a t  are broadly  a p p l i c a b l e  f o r  t h e  sytems desc r ibed  above and o t h e r s .  

B. Nuclear Rocket System Analysis  

Systems a n a l y s i s  work under D r .  Vichnevetsky 's  d i r e c t i o n  has 

emphasized t h e  complet ion of a mathematical  model f o r  n u c l e a r  r o c k e t  systems,  

i n i t i a l l y  f o r  t h e  a n a l y s i s  of a t t a i n a b l e  performance. 

The mathematical  model is  aimed a t  i ts  f u r t h e r  implementation as 

a computer program. This program i s  p a r t i a l l y  completed. 

The computer program w i l l  be used s p e c i f i c a l l y  f o r  t he  d e r i v a t i o n  

of  t h e  i n t e r r e l a t i o n  between t h e  i n t e r n a l  eng ine  parameters  and t h e  e x t e r n a l  

system performance parameters .  

The i n t e r n a l  engine  parameters are those  which are e i t h e r  c o n s t r a i n e d  

by technology, o r  should be i n v c s t i g a t e d  over  t h e  a d j a c e n t  ranges  i n  a s e a r c h  
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f o r  op t imal  systems. The most important i n t e r n a l  engine parameters are: 

m a x i m u m  material temperature ,  chamber p re s su re ,  nozz le  expansion r a t i o ,  and 

r e f l e c t o r  t h i ckness .  

The e x t e r n a l  engine performance parameters  a r e  those  which c h a r a c t e r i z e  

an  engine from t h e  mission a n a l y s i s  s t andpo in t .  

e x t e r n a l  engine performance parameters :  engine mass 

v e l o c i t y ,  V 

I n  a d d i t i o n  t o  e s t a b l i s h i n g  d i r e c t  r e l a t i o n s h i p s  between i n t e r n a l  and e x t e r n a l  

engine  parameters ,  t h e  computer program i s  be ing  organized s o  a s  t o  d e r i v e  t h e  

s e n s i t i v i t y  f u n c t i o n s  ( o r  pa r t i a l  d e r i v a t i v e s )  of t h e  e x t e r n a l  w i th  r e s p e c t  t o  

t h e  i n t e r n a l  parameters .  An opt imiza t ion  a lgo r i thm is being used t o  o b t a i n ,  f o r  

each set of s p e c i f i e d  t h r u s t  and e f f e c t i v e  j e t  v e l o c i t y ,  t h e  engine w i t h  minimum 

mass. 

There are b a s i c a l l y  t h r e e  

e f f e c t i v e  j e t  Me 9 

and t h r u s t  F . Thrust ing time i s  a l s o  an  important  c o n s i d e r a t i o n .  
j ’  

For a g iven  r e a c t o r  s i z e  t h e  nuc lea r  c r i t i c a l i t y  c o n d i t i o n  can  always 

be s a t i s f i e d  by a proper  uranium loading. Therefore ,  t h e  thermodynamic p a r t  of 

t h e  mathematical  model can be sepa ra t ed  from t h e  nuc lea r  equa t ions .  I n  t h e  

program be ing  programmed, a s imple r e l a t i o n s h i p  between r e f l e c t o r  t h i ckness  and 

co re  r a d i u s  is be ing  u t i l i z e d .  A program, however, i s  be ing  r e w r i t t e n  f o r  t h e  

a n a l y s i s  of mass sav ings  achievable  by vary ing  t h e  co re  r e f l e c t o r  geometry. 

This program is based on a 2-program neut ron  d i f f u e i o n  theory.  

The model desc r ibed  i n  the  preceeding s e c t i o n  w i l l  be used as a n  

i n p u t  t o  a miss ion-or ien ted  a n a l y s i s  of p ropu l s ion  parameters ,  based on t h e  

m u l t i - l e v e l  o p t i m i z a t i o n  method descr ibed  i n  ASAR Memo No. 4 .  

Pre l imina ry  a n a l y s i s  of o t h e r  p ropu l s ion  systems f o r  space miss ions  

has  been s t a r t e d .  The u l t i m a t e  e v a l u a t i o n  of t h e s e  p ropu l s ion  systems w i l l  a l s o  

be based on m u l t i - l e v e l  mission o r i e n t e d  o p t i m i z a t i o n  t o  allow a comparison of 

p o t e n t i a l  performance wi th  r e s p e c t  to t he  nuc lea r  r o c k e t  p r e s e n t l y  be ing  

analyzed i n  d e t a i l .  
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I V .  INT'ERPLANETARY-PLANETARY MISSION ANALYSIS RESEARCH 

1. During the  summer, a n  i n t e r e s t i n g  comparison of t h e  c a p a b i l i t i e s  

of t h r e e  launch v e h i c l e s  w a s  made u s i n g  Gordon 11: Atlas  (SLV3C)/Centaur, 

T i t a n  IIIC(1207)/Centaur and S a t u r n  lB/Centaur. 

Table I. The mis s ion  is  a 600 day;solar e lectr ic ,  J u p i t e r  f l y b y ,  assuming 

cop lana r  c i r c u l a r  o r b i t s .  The t r a j e c t o r i e s  are f u l l y  optimized: t h r u s t i n g  

program, V FMO, power, and C T rans fe r  a n g l e  has  a l s o  been optimized. 

The r e s u l t i n g  n e t  masses are: 

The r e s u l t s  are shown i n  

j' 3' 

____ -~ 

Atlas (SLV3C)/Centaur 174.86 kg 

Titan I I I C  (1207)/Centaur 1943.39 kg 

S a t u r n  lB/Centaur 1778.50 kg 

The s p e c i f i c  mass of  t h e  powerplant was t aken  t o  b e & =  ,026 kg/w . 
Tankage and s t r u c t u r e  f a c t o r  were assumed t o  be  .06 and .08, r e s p e c t i v e l y .  

Table 1 

- A/ C - T/ C - s/c 
I n i t i a l  Mass (kg) 

Powerp l a n t  (kg) 

Fue l  (kg) 

Fue l  Tanks (kg) 

S t r u c t u r e  (kg) 

N e t  Mass (kg) 

I n i t i a l  Power (kw) 
E f f i c i e n c y  (72 ) 

~3 (km/sec)2 

vj (Wsec) 
FMO (m/sec2) 

696.21 

303.32 

153.15 

9.19 

55.70 

174.86 

11.67 

.54 

16.20 

32.532 

.5583 ( 

3563.62 

913.30 

397.96 

23.88 

285.09 

1943.39 

35.13 

.55 

47.86 

32.836 

.32 72 ( 

3485.39 

972.72 

429.52 

25.77 

278.83 

1778.50 

37.41 

.54 

43.86 

32.805 

.3565 ( 
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2. D r ,  Handelsman has completed a pre l iminary  s tudy  of the  f e a s i b i l i t y  

of an on-board microwave r a d a r  f o r  d e t e c t i o n ,  range and pos i t i on -ang le  measure- 

ment of a s t e r o i d s  from a s p a c e c r a f t  moving w i t h i n  o r  through the  b e l t .  

This c a p a b i l i t y  i s  needed t o  exp lo re  t h e  b e l t , l S 2  o r  t o  f u r n i s h  inpu t  d a t a  f o r  an  

a s t e r o i d  co l l i s ion -avo idance  system. 3,4,5 For e x p l o r a t i o n ,  t h i s  r a d a r  would be 

supplemented by a d d i t i o n a l  equipment f o r  d e t a i l e d  measurements of a s t e r o i d  s i z e ,  

o r b i t a l  e lements ,  r o t a t i o n  o r  s p i n ,  and s u r f a c e  c h a r a c t e r i s t i c s  (photography, 

r e f l e c t i v i t y ,  d i e l e c t r i c  cons t an t ,  roughness,  e t c . ) .  

a d d i t i o n a l  subsystems would be r equ i r ed  f o r  t a r g e t  t r a c k i n g ,  t r a j e c t o r y  p r e d i c t i o n  

and maneuverabi l i ty .  

I -  
I 

For c o l l i s i o n  avoidance,  

Sample t r a j e c t o r i e s  have been c a l c u l a t e d  us ing  t h r e e  boos te r s  t o  

launch a s o l a r - e l e c t r i c  p rope l l ed  s p a c e c r a f t  i n t o  h e l i o c e n t r i c  o r b i t :  

(1)  A t l a s  (SLV3C)/Centaur, (2) T i t a n  IIIC(1207)/Centaur ,  and (3) Sa turn  1B/ 
I 

Centaur.  The electric power is used f o r  propuls ion  and f o r  e l e c t r o n i c  needs I 

such as r a d a r  and communication. S u i t a b l e  n u c l e a r - e l e c t r i c  power systems 

could  be used i n s t e a d  of s o l a r - e l e c t r i c ;  t hese  are no t  i n v e s t i g a t e d  i n  t h i s  

r e p o r t .  The t r a j e c t o r i e s  are opt imal  i n  the  sense  of maximum payload, open- 

a n g l e ,  f i xed - t ime ,  two dimensional ( c i r c u l a r  o r b i t s )  w i t h  hyperbol ic  excess  

v e l o c i t y  (C3), j e t  exhaus t  v e l o c i t y  and i n i t i a l  e l e c t r i c  power opt imized f o r  

maximum payload. The e l e c t r i c  powerplant s p e c i f i c  mass f a c t o r  K )  is  

0.026 kg/wat t ,  and tankage and s t r u c t u r e  f a c t o r s  a r e  0.06 and 0.08, r e s p e c t i v e l y .  

The electric engine  e f f i c i e n c y  (q) as a f u n c t i o n  of I , t he  power f a l l - o f f  

l a w  w i t h  s o l a r  d i s t a n c e ,  and the  boos te r  c h a r a c t e r i s t i c s  are as p resc r ibed  by 

JPL. For f u r t h e r  d e t a i l s  concerning the t r a j e c t o r y  a n a l y s i s ,  see Ref. 6. The 

t r a j e c t o r i e s  i nc lude  rendezvous (match t o  l o c a l  h e l i o c e n t r i c  sa te l l i t e  v e l o c i t y )  

a t  2 A . U  (400-400 days) ,  3 A.U.  (700 days) ,  3.5  A . U .  (800-900 days)  and 4 A . U .  

SP 
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(900-1C30 d a y s ) ,  J u i l i t e r  f l y b y s  (GO0 da;7s), a s p e c l a l  t r a j e c t o r y  which is  

flown o p t i m a l l y  t o  2 A.U. and then  c o a s t s  through t h e  b e l t ,  and a n o t h e r  
I 

t r a j e c t o r y  which has  i t s  a p h e l i o n  a t  4 . 5  A . U .  and p a s s e s  through t h e  b e l t  on 

outbound and inbound l e g s .  Summarizing the t r a j e c t o r y  r e s u l t s ,  b o o s t e r s  ( 2 )  

and ( 3 )  can  f u r n i s h  adequate  payloads (1000 t o  2000 kg) and power l e v e l s  

(30 t o  130 kw i n i t i a l ) ,  whi le  boos te r  (1) i s  n o t  adequate .  

see Ref. 7 .  

I For f u r t h e r  d e t a i l s  

I ( 4 )  
A n  a s t e r o i d  d i s t r i b u t i o n  model is f i r s t  d e r i v e d  based upon N a r s h a l l ' s  

f l u x .  Assuming s p h e r i c a l  p a r t i c l e s ,  a n  average d e n s i t y ,  and a uniform 

v o l u m e t r i c  d i s t r i b u t i o n  w i t h i n  t h e  b e l c ,  i t  i s  shown f o r  p a r t i c l e s  of mass> 1 gm 

t h a t  

i 6  -2.31 
~ N X l O  d 

I 

N i s  t h e  t o t a l  number of  p a r t i c l e s  o f  diaineter d (meters )  o r  g r e a t e r  i n  the  

b e l t .  I 

Next, u s i n g  a s t a n d a r d  p u l s e d  r a d a r ,  i t  is  shown t h a t  

4 
A (1)4 k Te B R Xi 
? =  

7 pi 6o d D 
2 2  2 4  

( N  ) x  P 

A 
where P = peak power, ). = wavelength,  K = Boitznann's  c o n s t a n t ,  Te = system 

n o i s e  tempera ture ,  B = system bandwidth, ;i = d e t e c t i o n  range,  X1 = s i g n a l -  

to -noise  r a t i o  ( p e r  p u l s e ) ,  '1 = antenna e f f i c i e n c y ,  6 = r a t i o  of  r a d a r  echo 

area t o  t a r g e t  c r o s s - s e c t i o n ,  il = antenna diameter, and N = number of p u l s e s  

i n t e g r a t e d  p e r  range b i n  p e r  d e c i s i o n .  Tile average power P i s  P m u l t i p l i e d  

0 

P - n 

by ( p u l s e  l e n g t h )  and by f ( p u l s e  r e p e t i t i o n  r a t e ) .  Using r e a s o n a b l e  v a l u e s  

such as B $= 4 x  10 cps  t o  accommoda'ie Lhe maximum expec ted  doppler  s h i f t  

Ii 
5 
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5 ( - 2 ~ 3  x 10 c p s )  which is determined by fy (S band; $"+ = 0.131 mecers) and t h e  

maximum a s t e r o i d  r a d i z l  v e l o c i t y  r e l a t i v e  t o  t h e  s p a c e c r a f t  ( .--=20,000 m/s) 

c.r obta ined  iroiri Llie t r a j c c ~ o r l e s ,  T = 4&0 , X1 =25 , t;  = 0.7 and '- = 0.1  , e 3 ,  

t h e r e  o b t a i n s  

Two r a d a r s  r e p r e s e n t a t i v e  of lower ana upper bounds of  r a d a r  s i z e  are then  

examined: (1) D = 3 m  , P = 10 w a t t s  , and i? = 100 w a t t s  and (2)  D = 6 m , 
r\ 6 P = 10 w a t t s  and P = 10 'KilowaLts . T h i s  i s  based upon 7 =10 x sec. 

and f K  = ; G  cps .  The l a t t e r  corresponds t o  a maximum unambiguous range ( f o r  

f i x e d  f ) of 150 km. This  f i x e s  D , P and N i n  Eq .  (3 ) .  

- A 4 

, - 

3 

r, 

R P 

Three types  of  beam scanning modes are n e x t  examined: (A) Fixed 

~ beam p a r a l l e l  t o  f l i g h t  p a t h ,  (B) Fixed bean t r a n s v e r s e  t o  f l i g h t  p a t h  and 

( C )  B e a m  scanned i n  a p l a n e  t r a n s v e r s e  t o  f l i g h t  pa th .  Scan C would r e q u i r e  

e i t h e r  a phased a r r a y ,  o r  a sp inning  s p a c e c r a f t ,  o r  a mechanical-scanning 

an tenna  system. A s  a n  example or' t ne  r e s u l t s ,  f o r  a l e n g t h  of t r a j e c t o r y  

w i t h i n  b e l t  X 3 . 3  A . U . ,  and f o r  scan  mode (B), t h e  coverage volume of 

r a d a r s  (1) and ( 2 )  are shown t o  be  
7 19 V i e  k . d  (cu.m.), where k l = 5  x 10 

1 
n. 

and K = l o L 1  , based upon iL' 2 4 0  and x-0.75 . 
2 ? 

Combining t h e  a s t e r o i d  d i s t r lbu t io rL  w i t h  t h e  r a d a r  r e s u l t s ,  i t  i s  t h e n  

shown t h a t ,  f o r  s c a n  mode ( i j ) ,  t h e  cumulative number of d e t e c t i o n s  ( h i t s  H) of 

a s t e r o i d s  of d iameter  d o r  g r e a t e r  i s  g iven  by 

-1.31 r a d a r  1: H e 5 u  

-1.31 r a d a r  2 :  E S i O C d  

( 4 )  

( 5 )  
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The i n v c r s e  p o m r  dep!r,?ence of Fi upcr; C: - 7 , -  LLau;La . j L -  =---- L L u l l l  &'- LLLe f ~ c t  t h a t  whi le  

r a d a r  coverage volume i n c r e a s e s  as d , the  volumetr ic  c o n c e n t r a t i o n  of 

p a r t i c l e s  d e c r e a s e s  more r a p i d l y  as . Hence, more detecLioris o f  

s m a l l e r  s i z e s  a t  c lose-up ranges occur ,  or  fewer d e t e c t i o n s  of  l a r g e r  a s t e r o i d s ,  

d e s p i t e  t h e i r  longer  ranges or' d e t e c t i o n .  

l,d2 * 3 1 

Curves of r a d a r  range 8 , f i a c t i o n a l  volume f (of e n t i r e  b e l t )  

searched  by t h e  r a d a r ,  and cumulat ive number o f  h i m  per  traverse H , f o r  

scan  mode ( B j ,  and number S of a s t e r o i d s  of d i a x e t e r  d o r  g r e a t e r  v s  

a s t e r o i d  d iameter  d are shown ir, F i g u r e  1. These curves  do n o t  apply  f o r  

d C O . 0 1  meters, where m .L 1 gn; and die F ~ L X  d i s t r i b u t i o n  E q .  (1) does n o t  

apply.  I n  a d d i t i o n ,  f o r  d c 0.G4 m , Raleigh s c a t t e r i n g  t a k e s  over  and t h e  

r a d a r  echo area of a s p h e r i c a l  Larger decreases  w i t h  a . This causes  t h e  curves  

f o r  R , f ana  H , f o r  a C 0.04 m , t o  bend downward from t h e  s t r a i g h t  

l i n e s  shown. The curves  show that Lhe nurnber of d e t e c t i o n s  of  s i z a b l e  o b j e c t s  

(d Z 0 . l  n e t e r s )  is s u r p r i s i L g l y  few.  D2s2lte their vast  nuiiiber, as given by 

t h e  assumed d i s t r i b u t i o n ,  t h e  a s t e r o i d s  are s 2 r e a d  over  a n  enormous volume. 

For d '0.1 meters, radar 2 can  f u r n i s h  i n i t i a l  a c q u i s i t i o n  warning tines of 

between 6 t o  24 seconds,  depenaing u2on fiie t r a j e c t o r y  t o  a c o l l i s i o n - a v o i d a n c e  

system. For  much smaller s i z e s ,  t h e  probiem r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

?"ne r e s u l t s  of F i g u r e  i are p r e i l a l a a r y ;  no a t t e m p t  has  been made t o  

opt imize  key r a d a r  parameters  such as , D , , s c a n  mode, o r  t h e  o v e r a l l  

power s u p p l y - t r a j e c t o r y - r a d a r  system. I n  a d b i t i o n ,  i t  may be worthwhile  t o  

i n v e s t i g a t e  t h e  b i s t a t i c  r a d a r  mode ( t r a n s m i t t e r  on e a r t h ,  r e c e i v e r  i n  space-  

c r a f t )  and the use of o p t i c a l  ( l a s e r )  r a t h e r  than  microwave bands.  
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